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We determined the origin and evolutionary pathways of the PB1 genes of influenza A viruses responsible for
the 1957 and 1968 human pandemics and obtained information on the variable or conserved region of the PB1
protein. The evolutionary tree constructed from nucleotide sequences suggested the following: (i) the PB1 gene
of the 1957 human pandemic strain, A/Singapore/1/57 (H2N2), was probably introduced from avian species and
was maintained in humans until 1968; (ii) in the 1968 pandemic strain, A/NT/60/68 (H3N2), the PB1 gene was
not derived from the previously circulating virus in humans but probably from another avian virus; and (iii)
a current human H3N2 virus inherited the PB1 gene from an A/NT/60/68-like virus. Nucleotide sequence
analysis also showed that the avian PB1 gene was introduced into pigs. Hence, transmission of the PB1 gene
from avian to mammalian species is a relatively frequent event. Comparative analysis of deduced amino acid
sequences disclosed highly conserved regions in PB1 proteins, which may be key structures required for PB1
activities.

There are 13 hemagglutinin (HA) and 9 neuraminidase
(NA) subtypes of influenza A viruses. Most of these sub-
types have been recognized in wild avian species (12), but
only three HAs and two NAs (Hi, H2, H3, Ni, and N2) have
been recognized in human influenza viruses. The appearance
of new subtypes of influenza A viruses can lead to pandem-
ics in humans. For example, the virus A/Singapore/i/57
(H2N2) (Sing/57), whose HA and NA differed from those of
previously circulating viruses, emerged in the 1957 pan-
demic. Another virus, A/Hong Kong/1/68 (H3N2), with a
different HA subtype from the 1957 pandemic virus, was
isolated in 1968. The genes responsible for the emergence of
these new surface glycoproteins are thought to have been
introduced from avian species (24), suggesting genetic reas-
sortment between human and avian influenza viruses. Most
other genes of the 1957 and 1968 pandemic strains were
derived from previously circulating human viruses. One
exception is the PB1 gene of Sing/57, whose origin could not
be identified by RNA-RNA hybridization (18).
The PB1 protein of influenza A virus has been shown to

form a complex with the other viral polymerase gene prod-
ucts PB2 and PA (10) and to be involved in initiation of
transcription and chain elongation (7, 22, 23). Snyder et al.
(20) have shown that reassortant viruses with avian PB1 and
human PA replicate poorly in MDCK cells and in squirrel
monkeys but replicate well in avian tissue culture. Thus, the
combination of avian PB1 and human PA may not be
conducive to interaction with mammalian host cell factors
because of amino acid sequence differences between the two
types of proteins.

In contrast to convincing evidence that influenza virus
genes for surface glycoproteins can be introduced from avian
species into pigs (16) and humans (18), essentially nothing is
known about interspecies introduction, species specificities,
and evolution of the polymerase genes of this virus. Our aim
in the present study was to determine the origin of the PB1
gene of the 1957 pandemic influenza virus, its evolution, and
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its species-specific amino acid residues that may be impor-
tant in determining host specificity.

MATERIALS AND METHODS
Viruses and viral RNA. The viruses used in this study were

A/Beijing/11/56 (HlNl) (Beij/56), Sing/57, A/Wisconsin/
3523/88 (HlNl) (WI/88), A/Swine/Tennessee/26/77 (HlNl)
(Sw/TNn7), A/Swine/Ontario/2/81 (HlNl) (Sw/Ont/81), A/
Swine/HongKong/126/82 (H3N2) (Sw/HK/82), A/Equine/
London/1416/73 (H7N7) (Eq/LondM3), A/Equine/Tennes-
see/5/86 (H3N8) (Eq/TN/86), A/Turkey/Minnesota/833/80
(H4N2) (Ty/MN/80), and A/Gull/Maryland/704n7 (H13N6)
(Gull/MD/77). WI/88, obtained from M. Harmon (Centers for
Disease Control, Atlanta, Ga.), was isolated from a 32-
year-old woman in Wisconsin who died of primary viral
pneumonia shortly after giving birth.

Viruses were grown in li-day-old embryonated chicken
eggs and purified by differential sedimentation through 25 to
70% sucrose gradients in a Beckman SW28 rotor. Virion
RNA was isolated by treatment of purified virus with pro-
teinase K and sodium dodecyl sulfate followed by extraction
with phenol-chloroform (1:1), as described previously (5).

Cloning of the PB1 gene. Full-length cDNA was prepared
by reverse transcription of virion RNA by previously de-
scribed methods (14). A 12-base synthetic primer comple-
mentary to the 3' terminus of the negative-strand RNA was
phosphorylated with T4 polynucleotide kinase and then used
to prime reverse transcription of the total virion RNA in the
presence of [a-32P]dATP. Second-strand DNA synthesis
was performed with a phosphorylated 13-base synthetic
primer complementary to the 3' end of the cDNA and the
Klenow fragment of Escherichia coli DNA polymerase I.
Full-length double-stranded copies of the PB1 gene were
blunt-end ligated into the PvuII site of pATX, obtained from
C. Naeve (St. Jude Children's Research Hospital, Memphis,
Tenn.).

Nucleic acid sequencing. Nucleotides of the cloned PB1
genes were sequenced by the method of Chen and Seeburg
(8) by using alkali-denatured DNA templates. Oligonucleo-
tide primers complementary to the PB1 gene segment were
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synthesized on an Applied Biosystems model 280A DNA
synthesizer by the solid-phase phosphoramidite method.
The reaction products were resolved on 6% polyacrylamide-
7 M urea thin gels containing a lx to 5 x TBE (90 mM
Tris-borate [pH 8.0], 1 mM EDTA) gradient. The sequences
of the oligonucleotides used as primers will be provided on
request. Nucleotide sequences were analyzed by the maxi-
mum-parsimony method to determine the minimum number
of mutations needed to account for sequence differences
(11).

RESULTS

Introduction of avian PB1 gene into humans and pigs. To
determine the relatedness of the influenza virus PB1 genes
from different species, we cloned the genes into a plasmid
and sequenced them by the chain termination method. Each
PB1 gene consisted of 2,341 nucleotides; there were no
deletions or insertions. These sequences have been entered
in the GenBank database as accession numbers m25924 to
m25936. Table 1 shows a relatively high degree of nucleotide
sequence homology (82 to 99%) among PB1 genes from
different influenza A viruses compared with HA genes of
different subtypes (26 to 80%) (1). When these PB1 genes
were compared with those of influenza B virus (15), approx-
imately 60% homology was detected.
The nucleotide sequences were analyzed by the maxi-

mum-parsimony method, and an evolutionary tree was con-
structed (Fig. 1). The diagram indicates four distinct lineages
for the PB1 gene, the first comprising avian (Gull/MD/77,
A/Mallard/New York [H2N2] [Mal/NY/78], and Ty/MN/80),
human H2N2 (Sing/57,A/Ann Arbor/6/60 [H2N2] [AA/60],
and A/Korea/426/68 [Korea/68]) and H3N2 (A/Northern Ter-
ritory/60/68 [H3N2] [NT/68] and A/Memphis/8/88 [Mem/88]),
and swine H3N2 (Sw/HK/82) viruses; the second comprising
equine viruses (Eq/Lond/73 and Eq/TN/86); the third com-
prising HlNl human viruses (A/Puerto Rico/8/34 [H1N1]
[PR8/34] and Beij/56); and the fourth comprising HlNl
swine (Sw/TN/77 and Sw/Ont/81) and HlNl human (WI/88)
viruses. The PB1 genes of H2N2 and H3N2 human influenza
viruses are more closely related to those of avian viruses
than to those of the HlNl viruses that were previously
circulating in humans (Table 1 and Fig. 1). This indicates that
the avian PB1 as well as the HA and NA genes (18) were
introduced into humans prior to the 1957 pandemic. The PB1
gene of human H2N2 virus evolved in a single lineage; the
PB1 gene of the late H2N2 viruses (Korea/68) arose directly
from the Sing/57-like PB1. The PB1 genes of human H3N2
viruses (NT/68 and Mem/88) are also more closely related to
those of avian viruses than to those of HlNl human viruses.
However, they belong to a different lineage than do those of
human H2N2 viruses (Sing/57, AA/60, and Korea/68). The
evolutionary tree clearly illustrates that the PB1 gene of the
early human H3N2 virus (NT/68) was not derived from that
of the previously circulating H2N2 virus, e.g., Korea/68.
The current human H3N2 virus (Mem/88) inherited the PB1
gene from the early H3N2 virus, e.g., NT/68.
These results strongly suggest that the PB1 gene was

introduced from avian species into humans prior to the 1957
pandemic and that it was maintained in humans until 1968.
During generation of the 1968 pandemic strain, however, a
new avian PB1 gene was introduced into humans and has
been maintained since that time.
That the PB1 gene of H3N2 swine virus (Sw/HK/82) is

more closely related to the avian PB1 gene than to the HlNl
swine PB1 genes (Sw/TN/77 and Sw/Ont/81) (Fig. 1) pro-
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EVOLUTION OF THE INFLUENZA VIRUS PB1 GENE

Mem/88

Korea/68

NT/68 -

Human virus
PR8/34 (HIN1)
Bery56 (H1Nl)
WV88 (HIN1)
Sing/57 (H2N2)
AA/60 (H2N2)
Korea/68 (H2N2)
NT168 (H3N2)
Mem/88 (H3N2)

Awian virus
Gul/MD/77 (H13N6)
MaU/NY/78 (H2N2)
TyIMN/80 (H4N2)

Swine virus
SwITNI77 (HINI)
Sw/Ont/81 (H1INI)
Sw/HK/82 (H3N2)

EqLin virus
Eq/Lond/73 (H7N7)
Eq/TN/86 (H3N8)

WI/88

100 nucleotides

B/Lee/40
FIG. 1. Evolutionary tree for PB1 genes. The nucleotide sequences were analyzed, and the minimal tree length was determined by using

the branch-and-bound algorithm of PAUP (David Swafford, Illinois Natural History Survey). The lengths of the trunk and side branches of
the diagram are proportional to the number of substitutions required to account for the differences in sequences. The nucleotide sequences
of the B/Lee/40 PB1 gene were aligned according to Kemdirim et al. (15) and used to define the root of the tree. Nucleotide sequences for
PR8/34 (HlNl) (25), NT/68 (H3N2) (6), AA/60 (H2N2) (9), and Mal/NY/78 (J. Treanor, Y. Kawaoka, R. Miller, R. G. Webster, and B.
Murphy, Virus Res., in press) are from published sources.

vides further evidence of introduction of the avian gene into
mammalian species and supports data showing that the HA
gene of this swine virus was recently introduced from avian
influenza viruses (16). The WI/88 PB1 gene is closely related
to the HlNl swine PB1 gene (Sw/TNn77 and Sw/Ont/81),
confirming direct introduction of a swine influenza virus
gene into a human (P. Rota et al., unpublished antigenic and
oligonucleotide mapping analyses).

Determination of functionally important regions in the PB1
protein. To determine the functionally important regions in
the PB1 protein, we aligned the deduced amino acid se-
quences of the influenza A virus PB1 genes from different
hosts (Fig. 2). All of the PB1 genes have the potential to
encode a polypeptide of 757 amino acids. Comparison of the
amino acid sequences showed a high degree of homology
among all of the influenza A virus PB1 genes; although
nucleotide sequence homology was as low as 82%, more
than 94% homology was observed in the amino acid se-
quences. For the 757 amino acid residues of the PB1, amino
acid substitutions were observed at 90 positions. Some of
these were clustered; for instance, in the regions of residues
152 to 182 and 358 to 401, more than 30% of the residues
were variable. By contrast, the rest of the regions were
relatively conserved. Some of these regions are also highly
conserved by comparison with the corresponding regions of
the PB1 gene of influenza B virus (15), and three of these
conserved regions (residues 224 to 243, 266 to 282, and 402 to
421) are relatively wide.

Results of the nucleotide sequence analysis suggest that
the PB1 genes of Sing/57, WI/88, and Sw/HK/82 were
recently introduced from other species, providing a unique
opportunity to identify amino acid substitutions required for
adaptation to new hosts. Most of the amino acid substitu-

tions in these viruses do not appear to be important for
adaptation because there was no correlation between the
host species and the substituted amino acid residues. How-
ever, an amino acid substitution that occurred in the WI/88
PB1 at position 375 might be critical for adaptation in the
new species. The PB1 of WI/88, which seems to result from
the direct introduction of a swine influenza virus into a
human, has serine at amino acid residue 375 as in all other
human PB1 proteins except those of Beij/56, whereas other
HlNl swine PB1 proteins have glycine at position 375 (Fig.
2). Furthermore, this is one of the positions at which more
than three different amino acids are found in the different
PB1 proteins. There are other amino acid substitutions found
in the W1/88 PB1 compared with swine PB1 proteins (e.g., at
positions 175, 214, and 435). However, they do not seem to
be important for adaptation of the virus to replicate in
humans; the amino acid residues found in these positions
differ between the PB1 proteins of W1/88 and other human
viruses.
The observations described above show that there are

highly conserved regions in the PB1 protein that may be
functionally important and that the amino acid residues at
375 might be critical for host specificity of the protein.

DISCUSSION

The influenza virus genes encoding surface glycoproteins
can be introduced from avian into mammalian species (16,
18), but this route of transmission has not been demonstrated
for genes encoding internal proteins. Results of the present
study suggest an avian origin for the PB1 genes of human
influenza A viruses in the 1957 and 1968 pandemics and
confirm a previous study in which the PB1 gene of WI/88 was
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FIG. 2. Amino acid sequences of the PB1 proteins of influenza viruses from different hosts. The amino acid sequences were deduced from
the nucleotide sequences and are written in full for Sing/57 by using the single-letter amino acid code. Only amino acid substitutions are given
for the other strains. Dashes are included to adjust the alignment for B/Lee/40.
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FIG. 2-Continued.

shown to be introduced from a swine virus (Rota et al.,
unpublished data). These results suggest that interspecies
transmission of infleunza virus genes encoding internal pro-

teins is a relatively frequent event.
The avian PB1 gene and genes encoding surface glycopro-

teins appear to have been introduced into humans in both the
1957 and 1968 pandemics. An association between avian-
to-human transmission of surface glycoprotein genes and
human pandemics is understandable because such genes

confer selective advantages to influenza viruses under pres-
sure from immune systems. If the PB1 gene were passed
from avian species in humans only once, the event could be
explained as a random transferral with genes encoding
surface glycoproteins. Repeated transmission, as observed
in this study, suggests the involvement of additional factors.
For instance, a preferential association between HA and M
genes has been observed when reassortants between A/
Chicken/Pennsylvania/83 and other avian viruses were pre-
pared (R. G. Webster, Y. Kawaoka, and W. J. Bean,
Virology, in press). A similar association between the HA
and PB1 genes might explain how the latter were transferred
from avian species to humans in both 1957 and 1968.
The evolutionary tree of the PB1 gene of infleunza A virus

illustrates a close relationship between the HlNl swine and
HlNl human viruses. This was also shown for the M (17),
NS (17), and PA genes (K. Okazaki, Y. Kawaoka, and R. G.
Webster, Virology, in press). These findings support the
hypothesis that the HlNl virus in the 1918 to 1919 human
pandemic was introduced into pigs and maintained in that
host.

In contrast to the genes subject to interspecies transfer as
discussed above, the PB1 genes of equine viruses evolved
independently. At sites of amino acid substitutions, the
equine PB1 proteins contain specific amino acid residues at
nine positions. However, such species-specific amino acids
were not detected in the PB1 proteins of infleunza viruses
isolated from humans, birds, and pigs. Whether these resi-
dues are functionally important in terms of host specificity or
simply reflect the independent evolution of PB1 proteins is
unknown. The HA gene of H3N8 equine influenza virus has
also evolved independently from other H3 HA genes (14a).
Similarly, the NP genes of equine viruses were shown to be
distinguishable from those of other influenza viruses by
RNA-RNA hybridization (4). This suggests that the intro-
duction of influenza virus genes to horses from other species
is relatively rare.
The functional domains of the PB1 protein of influenza

virus have not been determined. The deduced amino acid
sequence analysis indicates highly conserved regions in PB1
proteins. Some of these regions are also conserved by
comparison with the corresponding areas of the infleunza B
virus PB1. Hence, they may be important for basic functions
of the PB1 protein, such as initiation of transcription and

chain elongation. Argos (3) found a 15-residue sequence
motif, i.e., a double aspartic acid core flanked by hydropho-
bic residues, in many DNA and RNA polymerases. A similar
sequence was found in the PB1 protein at residues 437 to 451
(WWDGLQSSDDFALIV). This is one of the highly con-
served regions described above and may play an important
role in polymerase function by acting directly in catalysis or
by binding magnesium.
The PB1 protein of influenza A virus has been shown to be

transported to the nucleus independently of other viral
proteins (2). The principal motif of the nuclear transport
signal is a linear sequence of four or five amino acids
containing a proline residue followed by a series of positively
charged amino acids. The proposed sequence for the PB1
protein is P(668)KRNRS (2). This region is conserved in all
of the PB1 proteins tested in this study. The PB1 protein of
influenza B virus also contains sequence conservation in this
region (TKRNRS; 15).
The PB1 protein seems to be involved in the host range

specificity of influenza A virus (20). Therefore, certain amino
acid substitutions found among the PB1 proteins from dif-
ferent hosts may play a role in this specificity. Moreover, the
nucleoprotein (NP) is involved in transcription of the influ-
enza virus genome (13, 19), suggesting interaction between
the polymerase complex and the NP. Because the NP has
species-specific features (4) and has been shown to be a

primary gene product responsible for host range restriction
(21), the variable regions found in PB1 could be complemen-
tary to those of NP and could also be responsible for
restriction of growth in different hosts. These conserved and
variable regions may therefore be candidates for functional
mapping of the PB1 proteins by in vitro mutagenesis.
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